For closely related species, differences in morphology can provide insight into the evolutionary history of a taxonomic group, as well as mechanisms for ecological segregation. Storm-petrels are among the smallest seabirds, and their greatest taxonomic diversity occurs in the eastern Pacific Ocean. Some storm-petrels exhibit a unique foraging behavior, known as ''pattering'' or ''sea-anchor soaring,'' in which they appear to walk on the surface of the ocean, but this behavior is used to a varying degree among species. We compared morphological traits related to the pattering behavior in 9 species of storm-petrels that breed in the eastern Pacific. Measurements on the wing (wing loading, aspect ratio), beak (size), and leg (length and foot size) were analyzed using a discriminant function analysis (DFA). A thin-plate spline/relative warp analysis was also used to detect subtle differences in wing shape. Species that patter the most have low wing loading, low foot loading, and a long tarsus and were distinct from the species that were classified as intermediate or least pattering. The DFA and a cluster analysis also identified putative pattering behavior of species based on morphology, for which there was little known observational data. A molecular phylogeny of the mitochondrial ND1 gene revealed that the 2 subfamilies of storm-petrels were not monophyletic. The phylogenetic tree shows that the pattering behavior has a strong evolutionary signal and arose early among storm-petrels. Keywords: ecomorphology, geometric morphometrics, pattering, Procellariiformes, sea-anchor soaring, seabirds, storm-petrels, wing morphology Diferencias ecomorfológicas en el forrajeo y el comportamiento de golpeteo entre petreles de tormenta en el Pacífico Oriental RESUMEN En especies cercanamente relacionadas, las diferencias en morfología pueden ayudar a elucidar la historia evolutiva de un grupo taxonómico así como los mecanismos de segregación ecológica. Las petreles de tormenta (Hydrobatidae) son las aves marinas de menor tamaño y su máxima diversidad taxonómica está en el océano Pacífico Oriental. Algunos petreles de tormenta exhiben un comportamiento de forrajeoúnico conocido como golpeteo o de sobrevuelo anclado al mar, en el que parecen caminar sobre la superficie del océano; el grado de uso de este comportamiento varía entre especies. Este estudio compara los rasgos morfológicos relacionados con el comportamiento de forrajeo con golpeteo en nueve especies de petreles de tormenta que se reproducen en el Pacífico Oriental. Se analizaron medidas de las alas (carga alar, relación de aspecto), pico (tamaño) y patas (longitud y tamaño de la pata) usando un análisis de función discriminante (AFD). También se usó un análisis de placa delgada / deformación relativa para detectar diferencias sutiles en la forma de las alas. Las especies que más golpetean tienen carga alar baja, carga de la pata baja y tarsos largos, y se distinguieron de las especies clasificadas con niveles de golpeteo bajos e intermedios. El AFD y un análisis de agrupación también identificaron los patrones putativos de comportamiento de golpeteo de las especies con base en morfología para aquellas en las que hay pocos datos de observaciones. Una filogenia molecular del gen mitocondrial ND1 reveló que las dos sub familias de Hydrobatidae no son monofiléticas. Con base en el árbol filogenético, el comportamiento de golpeteo tiene una señal evolutiva fuerte y surgió entre los linajes tempranos de Hydrobatidae.
INTRODUCTION
The morphology of an organism is a reflection of its interactions with the environment over evolutionary time, and the study of this interplay between ecology and morphological adaptations is known as ''ecomorphology. '' For birds, many selective pressures contribute to morphological adaptation, including foraging behavior (Norberg 1979 , Hertel 1994 , migration (Marchetti et al. 1995) , predation (James 1982 , Mulvihill and Chandler 1990 , Meyer and Kassen 2007 , and sexual selection (Hedenström and Møller 1992) . Among others, 3 important morphological traits for making inferences about a bird's ecology are the wings (Warham 1968 , Hertel and Ballance 1999 , Brewer and Hertel 2007 , Ainley et al. 2015 , legs (Zeffer et al. 2003) , and beak (Hertel 1994 , Grant and Grant 2006 , Sustaita and Hertel 2010 . Variation in these traits can reflect specialization to diverse habitat types and foraging strategies, and some of the best candidates for ecomorphological studies are groups of species that have experienced a phylogenetic radiation (Illies 1970 , Leisler 1980 , Price and Jamdar 1991 . Studies combining morphological, ecological, and phylogenetic analyses of a taxonomic group can provide key insights into the diversity within and among taxa that have diverged recently (Hertel 1994 , Beuttell and Losos 1999 , Brewer and Hertel 2007 , Kaboli et al. 2007 ).
Storm-petrels (Family Hydrobatidae) are one such group that underwent a phylogenetic radiation in the late Miocene (8-10 mya) with the appearance of eastern Pacific upwelling systems (Warheit 1992) . This radiation resulted in the eastern Pacific Ocean having the highest diversity of storm-petrels, many of which breed in similar Mediterranean climates associated with productive upwelling on eastern boundary currents . Storm-petrels are the smallest seabirds and are found throughout the world's oceans. They are highly pelagic, spending much of their time foraging at sea, returning to land only to breed and provision their chicks. They breed in colonies, located generally on remote islands, but at least one species has been found to nest in the coastal desert of Chile (Torres-Mura and Lemus 2013) and Peru (Jahncke 1993) .
Many species of storm-petrel are characterized by a unique foraging behavior, termed ''pattering, '' which is often likened to walking on water. In fact, the name ''petrel' ' is derived from this behavior; it refers to St. Peter, who was said to have walked on water (Lockley 1983) . This foraging behavior, also known as ''sea-anchor soaring, '' involves the birds facing into the wind with their wings extended and pattering on the surface of the water using their feet. This foraging behavior is common within the family but is used to a varying degree among species. Some species, such as the White-vented Storm-Petrel (Oceanites gracilis), use pattering almost exclusively, whereas other species, such as Leach's Storm-Petrel (Oceanodroma leucorhoa), are almost exclusively nonpattering (del Hoyo et al. 1992) . In addition to pattering, other foraging behaviors have been observed, including the use of shallow dives (Bried 2005 , AlboresBarajas et al. 2011 , Harrison et al. 2013 ). Withers (1979) found that when pattering, storm-petrels do not actually walk on the surface of the water. Instead they submerge their feet in the water, creating hydrodynamic drag to counteract aerodynamic drag induced on the wings from horizontal wind currents. In this manner, they are able to use these wind currents to hover in place while picking food from the sea surface. Sugimoto (1998) examined the types of drag induced on storm-petrels during pattering and produced a mathematical model for the feasibility of the behavior. These 2 studies suggested that wing loading and foot size may be important morphological traits associated with pattering.
Ecomorphological study is an ideal approach for gaining insight into the ecological differences among storm-petrel species, especially because obtaining ecological data directly from field observations is difficult in this group. There are several factors that limit our knowledge on the ecology of storm-petrels: (1) They have expansive foraging habitats (Warham 1996) ; (2) like other Procellariiformes, they convert their stomach contents into oils (Warham 1977a) , thus making dietary analyses difficult; (3) field identifications can be difficult because of small size and similar color pattern, particularly among species in the Hydrobatinae (Crossin 1974 , Ainley 2005 , Howell 2012 ); and (4) they are nocturnal in regard to colony visitations (del Hoyo et al. 1992) . Indeed, breeding colonies are difficult to locate, and those for at least 3 species are still unknown (Hertel and Torres-Mura 2003, Harrison et al. 2013) . Despite these difficulties, there is evidence of ecological segregation among species, including preferences for certain oceanic conditions , nest-site choice among sympatric breeders (Ainley 2005) , migratory behavior (del Hoyo et al. 1992) , and timing of breeding period (Monteiro and Furness 1998) . General morphological differences have been described for the 2 subfamilies (Oceanitinae and Hydrobatinae), but it is unclear whether and how these differences correspond to differences in ecology, particularly in foraging behavior (del Hoyo et al 1992) .
The aim of the present study was to use morphological measurements on the wing, hind limb, head, and beak to distinguish differences in foraging behavior among 9 species of storm-petrels. The same morphological data were also used to examine the relationship of morphology to differences in foraging location (i.e. shelf vs. slope vs. pelagic) found by . We predicted that species that utilize pattering most frequently would exhibit lower wing loading and lower aspect ratio (both for slow, maneuverable flight), longer tarsi (to stay higher above the water), and lower foot loading (to increase drag).
Additionally, we sequenced the mitochondrial DNA NADH1 gene (ND1) for 9 species of storm-petrels. The resulting molecular phylogeny was used to generate phylogenetic independent contrasts, to examine previous uncertainties in the relationship between the 2 subfamilies of the Hydrobatidae (Nunn and Stanley 1998 , Kennedy and Page 2002 , Penhallurick and Wink 2004 , Hackett et al. 2008 , and to test whether the extent of pattering can be explained by evolutionary history.
METHODS

Study Sites
We sampled 168 individuals from 9 species of stormpetrels. All individuals, except for Oceanodroma hornbyi (Ringed Storm-Petrel), were sampled from breeding colonies on islands along the coast of the eastern Pacific Ocean (Figure 1 
Species Classifications for Pattering
Although pattering represents a spectrum of use, species were assigned to 1 of 3 groups to describe the degree of pattering used during foraging (most, intermediate, and least). Assignment was based on primary and gray literature (del Hoyo et al. 1992 , Cornell Lab of Ornithology 2010 , Howell 2012 ); thus, we were able to classify 6 of the species to 1 of 3 pattering groups (Table 1) . White-vented Storm-Petrels were placed in the ''most pattering'' group, and Leach's Storm-Petrels were assigned to the ''least pattering '' group (del Hoyo et al. 1992) . The genus Fregetta (including the White-bellied Storm-Petrel) is said to ''kicksail'' (Howell 2012 ), a unique behavior in which it kicks off the surface of the water with one foot while foraging. Fregetta tropica (not used in the present study) was found to forage using dipping (defined as surface feeding with little or no use of the feet; Harper 1987), but pattering FIGURE 1. Study sites for 9 species of storm-petrels along the coast of the eastern Pacific Ocean. Asterisks indicate species for which 2 breeding colonies were sampled. Hoyo et al. 1992) . Classification based on pattering behavior was equivocal for 3 species prior to the start of the study (Least, Ringed, and Black storm-petrels). Ambiguity and/or a lack of information on their pattering descriptions was common in the literature; therefore, they were placed as unknowns and later classified by our ecomorphological analyses.
Data Collection
Morphology. All individuals, except for Ringed StormPetrels, were captured using mist nets at sundown when birds were returning to their nests. Measurements included body mass (g), wing length (from keel to wing-tip), beak length (from nasofrontal hinge to beak-tip), beak depth and width (at the distal portion of the nares), total head length, and tarsus length (Table 2) . Lastly, photos were taken of the fully outstretched wing and the foot, perpendicularly above the individual using a 14.2 megapixel camera (Nikon D3100 DSLR equipped with a Nikon Nikkor AF-S 35 mm f/1.8G DX Prime Lens). These photographs were used to calculate functional parameters of the wing and hind limb related to foraging behavior (see below). Sexual dimorphism is generally not described in storm-petrels (Warham 1990 , Choi et al. 2011 , and molecular sexing techniques are considered more reliable (Brooke 2004 , Smith and Friesen 2007 , Jakubas et al. 2014 ; therefore, sex was not determined in the present study. After data collection, birds were released unharmed at the site of capture.
Although flight is a nearly ubiquitous component of avian ecology, not all wings perform the same. Differences in the relative size and shape of wings can explain the functional diversity among species (Warham 1977b , Hertel and Ballance 1999 , Alexander 2002 , Alerstam et al. 2007 , Brewer and Hertel 2007 . Two commonly used calculations to examine functional diversity in wings are wing loading and aspect ratio. Wing loading is an estimate of wing size, such that a low wing loading corresponds to a relatively large wing (and vice versa). Aspect ratio describes wing shape, such that lower values represent a broad or elliptically shaped wing whereas higher values represent wings that are narrow (Alexander 2002) . Both of these variables lie on a spectrum and, although there are physical constraints limiting the maximum and minimum values found in nature for either of these variables (Pennycuick 1975 , Rayner 1988 , any combination of values for aspect ratio and wing loading can occur. Such a wide range of TABLE 2. Summary of mean values (6 SD) for 10 untransformed morphological variables in 9 species of storm-petrels (4-letter codes for species common names are defined in (Thomas and Taylor 2001, Alexander 2002) . Wing loading and aspect ratio can explain differences in flight performance, such as an increase in flight speed with increasing wing loading (Alerstam et al. 2007 ).
Wing length and wing area were measured from the photos following the protocol of Brewer and Hertel (2007) using ImageJ 1.47p (W.S. Rasband, National Institutes of Health, Bethesda, Maryland, USA). Wing length and wing area were doubled to obtain wingspan and total wing area, respectively. These values were then used to calculate wing loading and aspect ratio. Wing loading (g cm À2 ) was calculated using this formula: mass (g)/total wing area (cm 2 ). Aspect ratio is a unitless measurement that was calculated using this formula: wingspan 2 (cm 2 )/total wing area (cm 2 ). The photo of each bird's foot was used to measure foot area, which was then used to calculate foot loading. Similar to wing loading, foot loading provides an estimate of relative foot size and could be important in creating drag for pattering species. Foot loading (g cm À2 ) was calculated using this formula: mass (g)/foot area (cm 2 ). Molecular phylogeny of the ND1 gene. Two secondary feathers were taken from each individual measured for use in the phylogenetic analysis. Genomic DNA was extracted from the feathers using a DNeasy Blood and Tissue Kit (Qiagen, Valencia, California, USA). We used polymerase chain reaction (PCR) to amplify the ND1 gene from all individuals (with primers from Leaché and Reeder 2002;  for primer information, see Appendix Table 5 ). The PCR reaction consisted of 6.5 lL H 2 O, 2.5 lL of each 10 lM primer, 12.5 lL units of Taq Master Mix containing 15.nM MgCl2 Buffer (Apex Red; Genesee Scientific, San Diego, California), and 1 lL template DNA (~80 ng lL À1 ), for a total reaction volume of 25 lL. The following thermal cycler settings were used to amplify all reactions: 5 min at 948C followed by 35 cycles of 948C for 30 s, 558C for 30 s, and 728C for 30 s, followed by a final extension of 728C for 5 min. The resulting products were purified with ExoSAP-IT (Affymetrix) and sent to Laragen (Culver City, California) for sequencing in both directions, using the same primers for PCR amplification. Sequences were manually cleaned using Sequencher 5.3 sequence analysis software (Gene Codes, Ann Arbor, Michigan, USA).
Data Analysis
Differences in body size can account for much of the variation among species (Albrecht et al. 1993 , McCoy et al. 2006 , Revell 2009 , Berner 2011 , so linear measurements were adjusted for body size by dividing data for each individual by the cube root of its body mass (Norberg 1979 , Herrera 1984 , Genevois and Bretagnolle 1994 , Hertel and Ballance 1999 ). All variables were tested for homoscedasticity and log transformed to satisfy the assumption of normality prior to statistical analysis.
Phylogenetically independent contrasts. Some of the variation in morphology might be attributed to shared ancestry among species and should be examined for ecomorphological studies (Wainwright and Reilly 1994) . Prior to analyzing our data, we determined whether the variation in our dataset was a result of allometry or shared ancestry, using the method of phylogenetically independent contrast (PIC; Felsenstein 1985 , Garland et al. 1992 , which compares variation between variables while removing the effect of common ancestry, leaving only information about each morphological variable and body size. If the regressions for the body-mass PIC vs. any of the variable PICs show a different relationship than that of the raw data, this implies variation due to shared ancestry. Felsenstein's (1985) method for PIC requires a resolved phylogenetic tree and, starting at the branch tips, works its way down, condensing each pair of sister taxa into a node for which a contrast is generated. The contrasts are statistically independent of one another, and each contrast is the difference of a trait between 2 sister taxa. The resulting number of contrasts will total n À 1 from the original n data points at the tips of the tree, and the effects of phylogeny on the variation in the data can be analyzed using various methods.
The phylogenetic tree used for PIC was created on the basis of the ND1 gene sequenced from the feathers sampled from each bird (see below). The PIC analysis was conducted using the PDAP (Phenotypic Diversity Analysis Programs) package 1.07 for Mesquite 1.1 (assuming a Brownian motion of evolution) (Midford et al. 2005, Maddison and Maddison 2006a) . Contrasts were generated for all variables, and 2 methods were used to examine the results of PIC. First, tests of correlation were conducted for all raw variables vs. body mass, as well as for all variable PICs vs. body-mass PIC. Because the contrasts are generated from species' means, the raw values used in the correlations were also species' means from the raw data. A comparison of r 2 values from raw data vs. PIC for each variable allows for determining whether there is a strong influence of phylogeny on the variation in any given variable. The degree of change in the r 2 values between sets of variables (raw and PIC) correlates with the effect of phylogeny on the variation in the data. In addition, 2 separate principal component analyses (PCAs) were used to summarize the 9 variables for each dataset (raw and PIC). Differences in the variable loadings for each PCA also help determine the effect of phylogeny on morphological trait associations, such that similarly loaded variables for each dataset imply little effect of phylogeny.
Discriminant function/cluster analyses. Discriminant function analysis (DFA) maximizes the differences in a set of variables and determines the effectiveness of those variables in assigning membership to the proposed groups. DFA was used to determine whether foraging behavior could be predicted by morphology, based on the species for which foraging behavior was unequivocal. We also used DFA to classify foraging behavior for the 3 unknown species to one of the 3 pattering groups (least, intermediate, most). After determining pattering groups via DFA, a k-means cluster analysis was used to examine the validity of these groupings. The k-means cluster analysis is more conservative than DFA and does not maximize differences among a priori groups, but rather looks for ''natural' ' breaks among groups of individuals. This analysis did not start with any predetermined groups and was set to group all 9 species into 3 clusters using the species' means for the same 9 morphological variables used in the DFA. These groups were then contrasted with the groups generated from the DFA. Once the unknown species were classified into groups, we used DFA to determine which variables were most important in distinguishing the different pattering groups from one another.
Finally, we used DFA to examine foraging locations. We classified species on the basis of known foraging locations in the ocean (shelf, slope, or pelagic; . The same 9 variables were used for both the foraging-behavior and foraging-location DFAs: wing loading, aspect ratio, foot loading, wingspan, tarsus length, total head length, beak length, beak width, and beak depth.
ANOVAs. After foraging groups were assigned for unknown species in the DFA, one-way analyses of variance (ANOVAs) with Tukey multiple pairwise comparisons were used to compare differences among species for body mass, wing loading, aspect ratio, tarsus length, and foot loading. Species were also grouped by pattering behavior, and oneway ANOVAs with planned comparisons were used to test for differences between the ''most pattering' ' and ''least pattering' ' groups. We used planned comparisons to minimize error associated with multiple comparisons and to maximize statistical power. Under the assumption that pattering is a spectrum, we were concerned with looking at whether or not there were differences between the extreme ends of the spectrum. Although the use of planned comparisons in this manner may appear to be somewhat circular, they provided additional data to explore how each variable might contribute to differences among foraging behaviors. As it turned out, the ''intermediate' ' group was always similar to one of the extremes, but which extreme varied.
Thin-plate spline/relative warp analysis. One major caveat to aspect ratio is that it does not distinguish where along the wing the shape differs. This can pose problems when comparing birds of similar aspect ratio. This issue can be addressed through the use of thin-plate spline/ relative warp analysis (TPS/RWA), a form of geometric morphometrics, which we used to explore more subtle differences in wing shape that might be overlooked by measurements of aspect ratio. TPS/RWA allows the geometry of an object to be analyzed by assigning a series of coordinates (landmarks) that are arranged equidistantly to the outline of a wing. The protocol used by Brewer and Hertel (2007) was employed to assign 64 equidistant landmarks to each wing. Photographs of outstretched wings of all individuals were used to conduct a thin-plate spline/relative warp analysis (Bookstein 1991) . Landmarks were plotted onto the photographs of each outstretched wing. Landmarks were obtained using tpsDIG 2.16 (Rohlf 2010b) . These landmarks were then used to generate the consensus wing using tpsRW 1.94 (Rohlf 2010a) , as well as values for the relative warps, which were used to discern differences in wing shape among species and groups for foraging behavior.
These landmarks were then analyzed using a Procrustes analysis in which the coordinates for each wing were translated, rotated, and scaled so that any differences remaining between the individuals are a result of shape alone. From these landmarks, a consensus wing was constructed from all individuals so that each species or individual could be compared to the consensus. Differences were quantified into warps, which are analogous to the principal components of a PCA, with the first warp explaining the largest proportion of variance in the dataset and each subsequent warp explaining a smaller, but independent, proportion.
Differences among species for the relative warps were compared using one-way ANOVAs with Tukey multiple pairwise comparisons. Species were also grouped by pattering behavior, and one-way ANOVAs with planned comparisons were used to test for differences between the ''most pattering'' and ''least pattering'' groups. All statistical analyses were performed using SYSTAT 13 for Windows (SYSTAT, Chicago, Illinois, USA).
Phylogenetic analysis. The ND1 gene was sequenced for 45 storm-petrels from 9 species (GenBank accession nos. KT186052-KT186100). Sequences for 3 outgroups were obtained from GenBank: Jackass Penguin (Spheniscus demersus) (GenBank no. NC_022817) was used as the outgroup to Procellariiformes; and Black-footed Albatross (Phoebastria nigripes) (GenBank no. EU166974.1) and Kerguelen Petrel (Aphrodroma brevirostris) (GenBank no. NC_007174.1) were used to represent 2 other families within Procellariiformes to explore the possibility of paraphyly within the storm-petrel family. Sequence data for ND1 were not available for the remaining procellariiform family (diving-petrels).
Bayesian phylogenetic analysis was performed using MrBayes 3.2.2 (Ronquist and Huelsenbeck 2003) . The data were divided into 3 partitions based on codon position, and jModelTest (Guindon and Gascuel 2003, Darriba et al. 2012 ) was used to select a substitution model for each partition based on the Bayesian Information Criterion (BIC). The models chosen were the best fit of those compatible with MrBayes. The first codon position was modeled by HKYþG, the second codon position by HKYþI, and the third codon position by GTRþG. These models were applied in MrBayes using 4 Markov chains sampling every 1,000 generations for 1 million generations, with a burn-in period of 25%, and the critical value for the topological convergence diagnostic was set to 0.1.
We used phylogenetic comparative methods to determine whether the evolution of pattering within stormpetrels could be explained (in part) by phylogenetic history. For these analyses, we included only the 9 species in the storm-petrel ingroup and excluded outgroup taxa (albatross and petrel). We compared likelihood estimates of character evolution to a model of random change, using 3 character states for pattering (least ¼ 0; intermediate ¼ 1; most ¼ 2). We calculated the marginal probability with the Mk1 Estimated Rate model (Maddison and Maddison 2006b ) within the Mesquite model for character evolution (Maddison and Maddison 2008) . We compared the fit of a phylogenetic model to one in which traits were assigned randomly to branch tips without regard to phylogeny, using a chi-square test (df ¼ 1).
RESULTS
Morphology
PIC. The differences between r 2 values for each raw and PIC variable were relatively minimal (Appendix Table 6 ), indicating that the correlation between 2 characters is not influenced by phylogeny. The PCAs for each set of variables (raw and PIC) produced 3 principal components (PCs). For the raw data, the first 3 PCs explained 88% of the variation, whereas they explained 90% of the variation in the PIC dataset. Among the 3 PCs for each dataset, the same highly loaded variables were shared and showed the most difference regarding PC3, which only accounted for 11% and 12% of the variation in the raw and PIC data, respectively (Appendix Table 6 ). Additionally, the regressions for the PIC variables were significant, further supporting that phylogeny did not influence the relationship of morphological variables to body size.
DFA/cluster analysis. For species with predetermined groups, the likelihood of correctly classifying an individual to its assigned pattering group in the first DFA was 100%. This DFA was also used to determine group assignments for the 3 unknown species (Least, Ringed, and Black storm-petrels). The Black Storm-Petrel had 28 of 29 individuals (97%) classified to the ''intermediate'' group. Two of these 28 individuals were classified to this group with low probabilities (defined hereafter as ,70%), and one individual was classified as ''least pattering. '' All Least Storm-Petrels were grouped as ''most pattering, '' and all Ringed Storm-Petrels were grouped as ''least pattering. '' The 3 groups determined by the cluster analysis were identical to the groups based on degree of pattering (i.e. they matched the predictions of the DFA).
The second DFA was used to examine the variable loadings associated when all species were placed in the groups to which they were assigned via the DFA and cluster analysis. There was a 100% correct classification for this analysis, and the jackknifed classification rates were identical. The first discriminant function (DF1) described 78.2% of the variation and was loaded by wing loading and wingspan. The second discriminant function (DF2) described the remaining 21.8% of the variation and was loaded by tarsus length (Table 3 and Figure 2 ). The species that patter most can be described as having longer tarsi, shorter wings, and low wing loading. The same dataset was used for the DFA based on foraging location. The likelihood of correctly classifying an individual to its assigned group was 83%. The slope group had the lowest classification (75%), the shelf group had 85%, and the pelagic group had the highest classification (91%) (Appendix Table 7 ). Two species were misclassified at a higher probablility than others: 24% (8/33) of Markham's Storm-Petrels and 63% (12/19) of Ashy Storm-Petrels. Despite these relatively high classifications for each group, the individual classification probabilities were much more variable than those of the foragingbehavior DFA. Of the 141 correctly classified individuals, 43 were classified with low probabilities (,70%). Markham's and Ashy storm-petrels had a low probability of classification for 39% (13/33) and 26% (5/19) of correctly classified individuals, respectively. Leach's Storm-Petrels also had an 18% misclassification, and 53% (12/17) of the individuals were classified correctly with probabilities ,70%. The first DF accounted for 68.3% of the variance, and the second DF accounted for the remaining 31.7% of the variance. DF1 was loaded primarily on wing loading and DF2 primarily on wingspan (Table 4 and Figure 3) .
ANOVAs. Body mass (F 8, 159 ¼ 595.1, P , 0.001; Figure  4A ), wing loading (F 8, 159 ¼ 71.1, P , 0.001; Figure 4B ), aspect ratio (F 8, 159 ¼ 9.8, P , 0.001; Figure 4C ), tarsus length (F 8, 159 ¼ 108.5, P , 0.001; Figure 4D ), and foot loading (F 8, 159 ¼ 24.5, P , 0.001; Figure 4E ) were significantly different among species.
Body mass differed among pattering groups (F 2, 159 ¼ 509.8, P , 0.001), and species that patter most were smaller than species that patter least (F 1, 159 ¼ 597.0, P , 0.001; Figure 5A ). Wing loading differed among pattering groups (F 2, 159 ¼ 177.8, P , 0.001), and species that patter most had lower wing loading than species that patter least (F 1, 159 ¼ 141.7, P , 0.001; Figure 5B ). Aspect ratio differed among pattering groups (F 2, 159 ¼ 14.1, P , 0.001), and species that patter most had a lower aspect ratio than species that patter least (F 1, 159 ¼ 28.1, P , 0.001; Figure  5C ). Tarsus length differed among pattering groups (F 2, 159 ¼ 55.9, P , 0.001), and species that patter most had longer tarsi than species that patter least (F 1, 159 ¼ 51.6 P , 0.001; Figure 5D ). Foot loading differed among pattering groups (F 2, 159 ¼ 50.0, P , 0.001), and species that patter most had larger feet than species that patter least (F 1, 159 ¼ 95.4, P , 0.001; Figure 5E ).
Thin-plate spline/relative warp analysis. All 168 individuals were used to generate the consensus wing for the TPS/RWA, producing a total of 124 relative warps. The first 3 warps accounted for 70% of the variance in the dataset. The remaining warps were not considered, because they each accounted for ,10% of the variance. All 3 major regions of the wing (proximal wing, midwing, and distal wing/wing-tip) showed differences among species.
Relative warp 1 differed among species (F 8, 164 ¼ 6.1, P , 0.001; Figure 6A ) and accounted for 35.8% of the total variance, explaining changes in the sweep of the wing ( Figure 6B) . Lower values for this warp corresponded to a more aft-swept wing, whereas higher values indicated a straighter wing. Relative warp 1 also differed among pattering groups (F 2, 170 ¼ 6.3, P , 0.003), and species that patter most had lower values for this warp than species that patter least (F 1, 170 ¼ 11.7, P , 0.002; Figure  9A ).
Relative warp 2 differed among species (F 8, 164 ¼ 9.5, P , 0.001; Figure 7A ) and accounted for 19.3% of the variance, explaining changes in shape mostly about the distal wing FIGURE 3. Discriminant function analysis (DFA) for foraging location of storm-petrels (4-letter codes for species common names are defined in Table 1 ). Ellipses are 95% confidence intervals and are labeled for each foraging location.
( Figure 7B ). Higher values indicated a shorter, broader distal wing in addition to narrowing at the trailing edge of the proximal wing. Lower values indicated a narrower wing-tip, as well as narrowing of the midwing at the trailing edge. Relative warp 2 also differed among pattering groups (F 2, 170 ¼ 18.5, P , 0.001), and species that patter most had higher values for this warp than species that patter least (F 1, 170 ¼ 37.1, P , 0.001; Figure 9B ). Relative warp 3 differed among species (F 8, 164 ¼ 19.4, P , 0.001; Figure 8A ) and accounted for 14.9% of the variance, explaining changes in shape mostly about the wing-tip ( Figure 8B ). Higher values for warp 3 correspond to a narrow distal wing and wing-tip and a slightly broader proximal wing from the leading edge. Lower values for this warp indicated little change in shape in relation to the consensus wing. Relative warp 3 was marginally different among pattering groups (F 2, 170 ¼ 2.9, P ¼ 0.057), but there was no difference between species that patter most and those that patter least (F 1, 170 ¼ 0.05, P ¼ 0.831; Figure 9C ).
Molecular Phylogeny
Bayesian analysis. We amplified 957 aligned base pairs (bp) of ND1 from 48 individuals, representing 9 species, to generate a phylogeny of storm-petrels in the eastern Pacific. Of the 957 bp, 307 were parsimony informative and another 61 bp were variable but uninformative. The Oceanitinae formed a sister group (Bayesian posterior probability [BPP] ¼ 1) to a clade containing the Hydrobatinae and the petrel outgroup (BPP ¼ 0.95); however, the albatross outgroup was recovered as an unresolved polytomy between these 2 clades. The Hydrobatinae formed a clade separate from the petrel outgroup (BPP ¼ 1). Among the Hydrobatinae, 2 major clades were formed: FIGURE 4. Log transformed variables (means 6 SE) for 9 species of storm-petrels (4-letter codes for species common names are defined in Table 1 Evolution of pattering. We used likelihood estimates to examine whether pattering behavior among stormpetrels could be explained by phylogeny, based on the ND1 mtDNA phylogeny. Unlike the PIC analysis, which evaluated whether the correlation between 2 characters could be explained by phylogeny, a test for phylogenetic signal evaluated whether the variation of a character among species could be explained by phylogeny. We compared a phylogenetic model to one in which traits were assigned randomly to branch tips without regard to relationships and found a strong phylogenetic signal for pattering behavior (LRT, D ¼ 36.56, P , 0.001), as evidenced by the lack of pattering in the monophyletic group that diversified within the storm-petrels (Ashy, Leach's, Markham's, and Ringed Storm-Petrels; Figure  10 ).
DISCUSSION
We found morphological differences among storm-petrel species in the eastern Pacific Ocean related to functional differences in foraging behavior. The combined effects of all the morphological traits were useful in accurately classifying species into foraging groups. Certain variables were more important than others, especially wing loading, wingspan, and tarsus length, such that species that utilize pattering the most have lower wing loading, shorter wings, and longer tarsi. Despite the accuracy of the DFA based on foraging behavior, there was also variation in each of the individual traits among species and among pattering groups. The variation present within pattering groups Ecomorphological Implications from DFA and Cluster Analyses The groups recovered from the DFA and k-means cluster analysis suggest that the aforementioned morphological traits are good predictors of foraging behavior, and that morphology is a better predictor of behavior than foraging location. Although the DFA for foraging location (Figure 3 ) was less reliable than that for foraging behavior (Figure 2) , the variable loadings provided key insights. Following wing loading and wingspan, the next 2 highest loaded variables were total head length and beak width on DF2. Differences in beak morphology correspond to differences in prey items (Hertel 1994, Grant and Grant 2006) , and these variables being somewhat highly loaded on DF2 imply that differences in prey could be present among different foraging locations.
Conditions specific to the location where each species forages could play a role in the use of pattering. showed each species of storm-petrel in the eastern Pacific to have current-system and ocean-habitat preferences based on indicators of ocean productivity. Species that forage in areas of higher productivity (e.g., eastern boundary currents of the Pacific or continental shelf ) might not travel as widely in search of food, which could select for the use of pattering to acquire prey. The opposite could be true for species that forage in less productive areas. Their morphology might reflect adaptations for searching out prey over larger areas and would select for longer, pointed wings for reduction of induced drag, and/or higher wing loadings for faster flight.
Segregation by diet composition among storm-petrels suggests that prey type could be related to foraging behavior. For example, species that prey on more actively swimming organisms may utilize an ambush technique because less time spent in contact with the water would enable them to retain the element of surprise (e.g., high aspect ratio and wing loading). Conversely, for species that forage on less mobile prey (e.g., planktonic organisms or carrion), the ability to patter and remain in one location for a prolonged period to maximize resource intake would be beneficial (e.g., low aspect ratio and wing loading).
Morphological and Behavioral Adaptions to Feeding Ecology among Species
Body size. Body size was related to degree of pattering ( Figures 4A and 5A) , such that the smallest species patter most and larger species patter least. The ''intermediate'' group tended to overlap either of the other groups ( Figure  5 ). Thus, our results support the hypothesis that the pattering behavior observed in storm-petrels may be size restricted (Withers 1979) .
Wing size. Wing loading differed among species ( Figure  4B) , with the ''most pattering'' group having a lower wing loading ( Figure 5B ). Low wing loading is associated with lower cost of flight and greater maneuverability, and it also equates to slower flight speeds (Alexander 2002) . Stormpetrels are not energetically efficient fliers (Obst et al. 1987, Spear and , and differences in wing loading were found in sympatric nesting species with different distances to foraging grounds (Ainley et al. 1975) . For a bird that forages farther from the colony, a higher wing loading would facilitate faster trips and a more deliberate flight pattern (van Oordt 2013).
White-bellied Storm-Petrels, which were classified into the ''intermediate'' group, had a significantly higher wing loading than the other species. This species is known to forage in the less productive pelagic zone , which may require use of a larger foraging area. Higher wing loading corresponds to faster flight speeds and may be an adaptation to cover a larger foraging area more efficiently. This species is also found on islands located much farther from the mainland than the other species in the present study. The distribution of, and competition for, breeding habitat are likely major driving factors of ecomorphological differences among stormpetrels in the eastern Pacific (Ainley 2005) . The morphological adaptations for foraging in the pelagic zone may be more of a byproduct of the limited choice of suitable breeding islands. The behavior of the White-bellied StormPetrel while flying at sea is rather unique in that it skips off the surface of the ocean with one leg, but the significance of this behavior is unknown (Howell 2012) . It is possible that this behavior serves a particular function that is reflected by its morphological adaptations.
Additionally, storm-petrels have a low wing loading (relatively large wings) compared to passerine birds of similar size (Withers 1979) . Storm-petrel plumage is not as waterproof as that of other seabirds (Ortega-Jiménez et al. 2010) . The plumage of Leach's Storm-Petrel was found to retain significantly more water than that of 2 alcid species, affecting takeoff performance (Ortega-Jiménez et al. 2011 ). Thus, low wing loading in combination with the use of pattering may be an adaptation to keep the plumage dry while foraging.
Wing shape. Aspect ratio differed among species ( Figure 4C) , and the ''most pattering'' group was found to have lower-aspect-ratio wings compared to the ''least pattering'' group ( Figure 5C ). In general, pelagic seabirds tend to have higher-aspect-ratio wings (Hildebrand and Goslow 2001) , which generate more induced drag due to greater wing-tip area (Alexander 2002) ; therefore, it was predicted that species that patter most would have loweraspect-ratio wings. This was true for White-vented StormPetrels, which have a lower wing loading than all but one species, but not for Wedge-rumped or Least storm-petrels.
Further, the species with the highest aspect ratio, Markham's Storm-Petrel, patters least, which is consistent with predictions.
Relative warp 1 described changes in the curvature and sweep of the midwing (Figure 6 ), corresponding to the ''most pattering'' group having a more aft-swept wing ( Figure 9A ). Increased curvature and a more aft-swept wing correlate with a higher lift:drag ratio that increases agility and maneuverability (Burkett 1989) . This implies that pattering may rely more on maneuverability and agility compared to other foraging methods.
High values for relative warp 2 described a shorter, broader distal wing (Figure 7) , with the ''most pattering'' group having higher values than the ''least pattering'' group ( Figure 9B ). The White-vented Storm-Petrel was the only species influencing the highest values, which equate to a shorter, broader distal wing and, thus, a lower aspect ratio. A lower aspect ratio was found in White-vented StormPetrels than in all but one other species ( Figure 4C ). Lower aspect ratio wings would be best suited for the slow flight and increased maneuverability that is associated with pattering.
Relative warp 3 differed among species ( Figure 8B ), but not between the ''most pattering'' and ''least pattering'' groups ( Figure 9C ). Higher values for this warp represented a more narrow and pointed distal wing ( Figure 8A ), and White-bellied Storm-Petrels had significantly higher values for this warp than any of the other species. More pointed wings generate less drag, because of reduced wing-tip area, which results in less costly flight (Lockwood et al. 1998) . The shape change captured by this warp also supports the hypothesis that the wing morphology of White-bellied Storm-Petrels may be an adaptation for foraging over larger areas in the pelagic environment.
Wing planform differed among species according to the relative warps, but it was difficult to distinguish these differences on the basis of foraging behavior. It is also important to note that although there was little shape change captured across species, none of the DFAs contained wing shape (aspect ratio) as a highly loaded variable. This implies that wing shape is not as important in determining the degree of pattering in storm-petrels.
Hindlimb morphology. Tarsus length differed among species ( Figure 4D) , and the ''most pattering' ' group had longer tarsi than the ''least pattering' ' group ( Figure 5D ). This supported the prediction that species utilizing pattering most would have longer tarsi. The 2 species in the Oceanitinae had the longest relative tarsus length compared to the other species, which matched general descriptions for differences between the 2 subfamilies. Markham's and Leach's Storm-Petrels had the shortest tarsi and are both species known for using pattering the least.
Leach's, Black, and Least Storm-Petrels were sampled from Isla San Benitos, where they breed syntopically. Among these species, Leach's Storm-Petrels had the shortest tarsi, Black Storm-Petrels had the longest tarsi, and Least Storm-Petrels were intermediate. Leach's StormPetrel is known to dig burrows in soil, and shorter tarsi would provide a greater mechanical advantage for digging (Hildebrand and Goslow 2001) . The other 2 species on Isla San Benitos were reported to nest in crevices among rock slopes (Ainley 2005) , but all 3 species were observed in burrows in addition to crevices. Scripps's Murrelet (Synthliboramphus scrippsi) also breeds on this island and is a burrow nester, so it is unclear which of these burrows were dug by storm-petrels or whether they were being shared or repurposed. Differences in nesting behavior may facilitate divergent hind-limb morphologies among sympatrically nesting species. However, this was the only island sampled where more than one species were found breeding together.
Foot loading also differed among species ( Figure 4E ), and the ''most pattering'' group had significantly lower foot loading than the ''least pattering'' group ( Figure 5E ). This supports the prediction that species that patter most would have relatively larger feet (low foot loading). In addition, Markham's Storm-Petrels (in the ''least pattering'' group) had the smallest relative foot size. Although not explored in the present study, the foot webs of some species are yellow (as in the White-vented Storm-Petrel, a ''most pattering'' species). Damage to the foot of storm-petrels has also been documented (Kirkham et al. 1987) , and it has been proposed that the colored webs may act as a lure for prey (Zink and Eldridge 1980) . This example, combined with the unique behavior of the White-bellied StormPetrel in skipping off the water with one foot, provides evidence that there may be localized adaptations influencing some of the more unique foot morphologies found among the Hydrobatidae.
Storm-petrels are so adapted for life at sea that their legs are virtually useless on land (del Hoyo et al. 1992 ). The unique hind-limb morphology found in storm-petrels, and subsequent decreased use of their legs on land, may also be a trade-off with increased maneuverability in flight. Maneuverability would be beneficial when trying to locate and enter the crevices or burrows in which they nest. This would reduce the risk of predation by minimizing the amount of time they spend on land outside of their nesting cavities.
Tail morphology. Complete tail measurements were taken for only 5 species within the present study (Markham's, Ringed, Ashy, Black, and Leach's), all of which have forked tails. Of these 5 species, Black StormPetrels were the only intermediate-pattering species and the remaining 4 species were in the ''least pattering'' group. More importantly, all species in the ''most pattering'' group lack a forked tail. The lift generated from tails is less than lift generated from the wings, which makes tail size and shape particularly robust to any deviations from an aerodynamically optimal morphology. Additionally, increasing fork depth increases the lift:drag ratio indefinitely, but no optimum fork depth has been established (Thomas and Balmford 1995) . The use of a spread tail to recover posture during hovering has been demonstrated in passerines (Su et al. 2012) , and pattering species appear to use their fan-shaped tails in a similar fashion while foraging. Tail morphology likely reflects important ecological differences among storm-petrels and should be included in future ecomorphological analyses.
Because of an incomplete dataset for tail measurements, this variable was omitted from the comparative analyses. Tail morphology in birds is known to be a source of lift and force production in flight (Thomas 1993, Thomas and Balmford 1995) , but it is unclear exactly how tail shape varies during flight and affects the aerodynamics of flight (Evans et al. 2002) . Forked tails generate little lift but also induce little drag when closed and are predicted to be the most aerodynamically optimized tail morphology (Thomas 1993) . Some birds that forage in open habitats rely on agility to catch prey, favoring a forked tail (Thomas and Balmford 1995) . This suggests there is likely an ecological difference between species that have forked tails and those that do not. One of the general differences in morphology between the storm-petrel subfamilies is the presence of a forked tail that is characteristic of the Hydrobatinae, which are believed to utilize pattering less than the Oceanitinae (del Hoyo et al. 1992) . Future studies that incorporate tail morphology would be helpful in understanding its role in foraging behavior.
Evolutionary history of storm-petrels. We found a strong phylogenetic signal for pattering behavior within the Hydrobatidae (Figure 10 ), based on the ND1 phylogeny. However, foraging behavior alone could not explain all the morphological differences found among species. This is evidenced by affinities for different oceanic conditions among storm-petrel species . Dietary analyses and field-based observations on foraging behavior are needed to gain insight into why some species patter more than others. Del Hoyo et al. (1992) noted that pattering is more prominent in the Oceanitinae and suggested that this behavior may be due to differing wind conditions between hemispheres. The Southern Hemisphere has appreciably less landmass than the Northern Hemisphere, which affects wind formation patterns. The uninterrupted winds of the Southern Hemisphere likely make flight for heavy-bodied seabirds more efficient by allowing the use of soaring vs. flapping flight. This would help explain why the current distribution of many seabirds (e.g., giant petrels and most albatrosses, which have difficulty flying under calm wind conditions) is primarily in the Southern Hemisphere (Howell 2012) . Howell (2012) provided great qualitative information for foraging and flight behavior at sea, but the lack of streamlined terminology for variation in foraging behavior and quantified foraging rates makes it difficult to interpret these descriptions. For example, del Hoyo et al. (1992) described species in the genus Oceanites as being notorious for pattering yet described other foraging methods that they distinguished as different from pattering, termed ''walking'' and ''standing'' on water. More detailed studies on the at-sea foraging behavior of stormpetrels would help elucidate the morphological differences associated with the varying degrees of pattering. Foraging behavior is certainly one of the selective pressures influencing the morphology of storm-petrels, but other pressures can include distance to foraging grounds, differences in prey associated with different foraging habitats, or local oceanic currents.
The present study has provided evidence for classifying species by foraging behavior based on morphology, but it is difficult to make inferences as to ecological segregation among species on the basis of the present data. There are accounts of intraspecific interactions at sea, but the fact that many species breed in isolation from one other contributes to the unknown causes of ecological segregation within the family. The 3 species (Leach's, Black, and Least Storm-Petrels) that breed on Isla San Benitos, Mexico, all appear to have robust populations and would provide an interesting opportunity to address ecological segregation among storm-petrels.
Our results support the importance of using morphology in discerning ecological differences among closely related taxa. For groups that are difficult to study in the field, morphology can provide insight into how these species differ ecologically. The morphological variables that contributed most to determining foraging behavior in storm-petrels are clearly important in terms of ecological segregation and the evolutionary history of pattering and should be used to explore patterns of diversity found in this family of seabirds.
APPENDIX TABLE 5. Primer sets used in phylogenetic analysis of the 9 study taxa (4-letter codes for species common names are defined in Table 1 
